Abstract: This article reports the synthesis of novel diamines as chain extenders for the improvement of thermal and mechanical properties of polyurethane (PU). Three novel diamine, 1,2-di(p-aminophenoxy) ethane (BAE), 1,2-di(p-aminophenoxy)propane (BAP) and 2,2-bis(p-(p-aminophenoxy)phenyl)propane (BAPP) were synthesized as chain extenders. Formation of diamines and their reaction with PU prepolymer was analyzed by using Fourier transform infrared attenuated total reflectance (FTIR-ATR) spectroscopy. The conversion of the free isocyanate group (NCO) into a urethane-urea group was confirmed through the disappearance of the isocyanate peak at 2244 cm -1 . The thermogravimetric analysis (TGA) reveals the thermal stabilization effect of urethane-urea hard segments of the polyurethane system. From the SAXS investigations, the hard segment inter-domain spacing (d) was calculated, which was 24 nm for the reference sample, and 25, 26, and 28.5 nm for the synthesized PU systems. Mechanical test shows an increase in the Young's modulus and yield strength with BAE and BAP diamines, while BAPP diamine based systems reveal lower modulus values as compared to the reference sample.
Introduction
Polyurethane (PU) is a micro-phase separated, multi-block polymer containing hard segments (crystalline) and soft segments (amorphous) (1, 2) . PU is a thermoplastic elastomer, (3) and can be processed by extrusion and injection molding techniques (4) . The soft segments are composed of polyether, polycarbonate or polyester macro-glycol, while the hard segments are formed through the reaction of diisocyanate with low molar mass diamines or diols chain extenders. Based on the physical nature of the soft and hard domains, micro-phase separated morphology is formed within the PU materials (5, 6) . The degree of microphase separation in PU depends on many factors, including the structure and molecular weight of the soft segment, the nature of the chain extender, hard segment contents, interactions between hard segments and soft segments and solvent history during the sample preparation. The presence of hard domains in segmented polyurethanes has tremendous relevance to the thermal and mechanical properties. The hydrogen bonding and the Van der Waals forces in hard domains hold them together tightly, which in turn act as physical crosslinks (7, 8) . These physical crosslinks play a vital role similar to chemical crosslinks in the vulcanization of rubber and thereby modify the elastomeric behavior of PU. The hard segments which occupy a significant volume and are stiffer as compared to the soft domains effectively function as nano-scale fillers and render a material behavior similar to that of a composite. The differences in glass transition temperature of both the soft and hard domains contribute to the hysteresis, permanent deformation, high modulus, and tensile strength of PU. It is the micro-phase separated structure that influences the mechanical properties of such PU. The benefit of using diamine as a chain extender is to create the urea phase in the PU structure. The urea phase has a relatively higher cohesive strength compared to the urethanes and as a result contributes to the micro-phase separation to a greater extent. It is also generally accepted that the thermal and mechanical properties of polyurethane-urea (PUU) elastomers are superior to those of the conventional PU elastomers (9) (10) (11) (12) (13) (14) . It is well established that the chemistry of the chain extenders has a strong influence on the properties of PUU/PU (8, (15) (16) (17) (18) (19) (20) (21) (22) (23) .
In the present work diamine chain extenders are prepared by using a modified synthesis route compared to the already reported one (24) . Three different dinitro compounds were prepared by the condensation reaction of p-nitrochlorobenzene with ethylene glycol, propylene glycol and bis-phenol A, respectively, followed by sub sequent reduction to the respective diamines. Subsequently, these diamines were employed in the preparation of PUU elastomers. The PUU systems were characterized using FTIR-ATR, TGA, UTM, and small angle X-ray scattering.
Experimental

Chemicals
The chemicals, reagents, and solvents used in this study were of analytical grade obtained from SigmaAldrich Chemie GmbH (Stienheim, Germany) and used without further purification. These include; washed with water at room temperature and neutralized with sodium carbonate and dried over anhydrous Na 2 SO 4 . By cooling this solution in an ice bath, the crystals of p-nitrochlorobenzene were obtained which were then dried completely in air (Scheme 1). -2nd
Step: In the second step sodium salts of different diols were formed by reacting diols (0.1 mol) with sodium metal (small quantity) in toluene with continuous stirring at room temperature to form disodium alkoxides (Scheme 1). When bubbles of H 2 gas were stopped, unreacted Na metal pieces were removed, leaving behind a solution of disodium alkoxides. -3nd
Step: In the third step, p-nitrochlorobenzene was reacted with sodium salt of different diols (0.1 mol) (Scheme 1, 6a-c). Sodium salts of different diols were formed by reacting diols with sodium metal in small quantities with continuous stirring at room temperature to form 1, 2-disodium alkoxides. Subsequently, a solution of p-nitrochlorobenzene in toluene was added drop wise into 1,2-disodium alkoxides and refluxed for 4 h. Upon pouring this mixture into a beaker containing 50 ml of methanol/water mixture (1:1), brown precipitates appeared which were crystallized from n-hexane to recover the nitro group terminated ether products. -4th
Step: In the fourth step, the nitro group terminated ethers (0.1 mol), activated carbon (5.0 g), ferric chloride (1.0 g), and ethylene glycol monomethyl ether (150 ml) were put in a flask and heated at 110°C and stirred for half an hour and then hydrazine (85%, 0.5 mole) was added and followed by reflux for 8 h. To prevent the product from separating out, the mixture was hot filtered and washed with ethylene glycol monomethyl ether. The filtrate was neutralized with hydrochloric acid (20%, 300 ml). When white precipitates appeared, ammonia was added to neutralize the excessive hydrochloric acid until a pH of 11-12 was achieved. The precipitates were washed with distilled water followed by crystallization from ethanol and a 1,4-dioxane mixture to get novel diamine as 2,2-bis(p-(p-aminophenoxy)phenyl)propane (BAPP) (6a), 1,2-di(p-aminophenoxy)ethane (BAE) (6b) and 1,2-di(p-aminophenoxy)propane (BAP) (6c). Physical properties of the synthesized diamines are given in Table 1 . The yield in the case of the nitro compound was ≥ 80% while on reduction it decreased to ≥ 65% for amines.
Synthesis of polyurethane-urea (PUU)
4,4′-Diphenylmethane diisocyanate (MDI) (17.4 g, 0.1 mol) was taken in a 250 ml three neck round-bottom flask equipped with a mechanical stirrer, a dropping funnel, and a nitrogen inlet. The flask was then placed in a water bath at 70°C. The pre-dried PTMG (50 g, 0.05 mol) was added from a constant pressure dropping funnel into MDI while stirring for a period of 30 min. The reaction mixture was then maintained at 70-80°C for 2 h with continuous stirring under nitrogen to obtain an NCO capped polyurethane prepolymer (16) . The molar ratio between -NCO and OH (NCO/OH) in the pre-polymer was kept at 2, 2.3 and 2.5 mol by taking 0.1, 0.13 and 0.15 moles of MDI, and 0.05 moles of PMTG. PUU elastomers were synthesized by the reaction of PU prepolymer with three different diamines chain extenders (6a-c). Diamines dissolved in 1,4-dioxane, added drop wise in the PU prepolymer under stirring and heating for 0.5 h. This mixture was poured into Teflon molds and kept under room temperature for 24 h to evaporate all the solvent to achieve flexible PUU films. For curing purpose, the thin films thus obtained, were kept for 3 h in a vacuum oven maintained at 60°C (Scheme 2). Similarly 9 PUU films having different types of chain extenders with varying amounts being prepared. A reference sample (PUU-10) for comparison purpose was prepared through thermal cross-linking of the urethane prepolymer cured in moisture (for the structure of the reference sample, see supporting information scheme S3). Compositions of synthesized PUU systems are given in the Table 2 .
Characterization
Fourier transforms infrared attenuated total reflectance (FTIR-ATR) spectroscopy
The initial characterization of different samples was carried out by using FTIR-ATR spectroscopy. The infrared spectra were recorded on a Vertex 80v FTIR spectrophotometer (4000-400 cm , 32 scans per measurement) (Bruker Optik GmbH, Ettlingen, Germany). The spectra were taken in absorbance mode by placing the samples on the ATR cell. 
Thermogravimetric analysis
The thermogravimetric analysis (TGA) was carried out using a thermogravimetric analyzer (Q500, TA Instruments, USA) starting from ambient temperature to 450°C in the high-resolution mode with a heating rate of 10°C/ min under nitrogen atmosphere. The accuracy of the measuring balance was 0.1% and for the temperature calibration, the well-known Curie temperature of the nickel standard sample was measured as a reference. The weight loss as a function of temperature for the reference sample and PUU was recorded.
Mechanical properties
Stress-strain behavior of the reference sample and the PUU was determined according to the ISO 527 method at a cross-head speed of 200 mm/min using a tensile testing machine from Zwick GmbH (Ulm, Germany).
Small angle X-ray scattering
Small angle X-ray scattering (SAXS) experiments were performed on the compact PU and PUU films at room temperature using a pinhole instrument designed by JJ X-rays with a Rigaku rotating anode as radiation source (Cu, K α , λ = 0.15406 nm), an Osmic multilayer optics, and a Bruker Hi-Star 2D detector. The sample-to-detector distance was about 1580 mm.
Results and discussion
As explained in the Section 2, diamines of different chain lengths and architectures were synthesized to establish their structure-property relationship with respect to the thermal and mechanical performance of the obtained polyurethanes. The polyurethanes were prepared by the reaction of the PU pre-polymer containing NCO terminated unreacted isocyanate groups, with the synthesized diamines as chain extenders. The use of diamine instead of diol, as a chain extender, is expected to create the urea phase in the polyurethane-urea (PUU) elastomer, which is expected to enhance the low strain modulus of the prepared PUU systems. For comparison purposes, a reference sample was prepared through thermal cross-linking of urethane pre-polymer in the absence of any diamine as a chain extender. Figure 1 depicts the representative FTIR-ATR spectrum of the dinitro compound, i.e. 1,2-bis(4-nitrophenoxy)ethane (BNE) and diamine compound, i.e. 1,2-bis (4-aminophenoxy)ethane (BAE). The characteristic peaks corresponding to BNE can be seen at 1462 cm an ether linkage. The signal due to aromatic C-H stretching can be seen at 1650 cm -1 . After the reduction of NO 2 to NH 2 , the spectrum of BAE clearly reveals the appearance of new peaks at 3450 cm -1 and 3365 cm -1 , which could be assigned to -NH stretching and the signal at 1520 cm -1 could be due to N-H bending. The appearance of these new peaks is clear evidence of the successful reduction of NO 2 to NH 2 . Similar spectral trends were also observed for the nitro and amino compounds prepared using ethylene glycol and bis-phenol A (see Supporting information). Figure 2 shows the FTIR-ATR spectra of the prepared PUU films, employing various diamines as the chain extenders. The spectrum of the NCO terminated urethane pre-polymer reveals characteristic signals due to C = O of urethane linkage, NCO, and NH at 1728 cm -1 , 2270 cm -1 , and 3334 cm -1 , respectively. Comparing the FTIR spectrum of pre-polymer with the PUU samples, it is evident that after the reaction a new peak due to carbonyl group of urea linkages, in the prepared PUU, appeared at ~1700 cm -1 (inset in Figure 2 ), while the isocyanate signals at ~2244 cm -1 , seen in the prepolymer spectrum, disappeared after the reaction with NH 2 groups of the chain extenders. This confirms the successful synthesis of the PUU elastomers.
Thermogravimetric analyses (TGA)
Thermal stability of the prepared PUU elastomers was evaluated by TGA. The representative TGA thermograms and the respective differential thermal analysis (DTA) curves, for reference sample and various PUU elastomers, prepared with NCO/OH = 2 are shown in Figure 3A and B,
Stress-strain properties
Uniaxial tensile tests were performed in order to obtain the information about the stress-strain behavior at room temperature of solution cast films of the PUU and reference sample. In each case three samples were tested and the representative stress-strain data are shown in Figure 5 . A prominent feature for most of the samples (c.f. zoomed data on the right of Figure 5 ) is a narrow elastic region followed by a pronounced yield point appearing at about 40-50% strain. On further extension a stable neck is seen as a drop in the stress-strain curve followed by a cold drawing region followed by strain hardening at strain values (ε ≥ 100%) as indicated by a strong rise of the stress level until the sample breaks at strain values ≥ 1500%. In relative terms, ductile behavior with a large degree of plastic deformation is observed for all the samples. Slightly different behavior is observed for samples crosslinked with bisphenol based diamine (BAPP) which show lower yield strength (c.f. zoomed data on right of Figure 5 ) and large strain at break. It is assumed that the micro-phase separated structures are weakly organized in PUU films of BAPP based samples. The samples cross-linked with BPE and BAP show higher yield strength compared to the reference sample.
For all the tested samples the Young's modulus data are depicted in Figure 6 . The data trend may be attributed to the structure of the aliphatic/aromatic middle block of the employed diamine. Compared with BAPP there are ethylene and propylene segments are present in the structures of BPE and BAP. For example, the improved modulus and even the yield strength of the BPE and BAP based PUU samples could be due to better packing of the phase respectively. The TGA data show a maximum weight loss, i.e. ≥ 70% in the temperature range 390-412°C for all the samples (also see Figure 4 ). This weight loss has occurred due to the degradation of hard segments. Nevertheless, as evident from the DTA plots shown in Figure 3B , there is a clear shift of the peak maximum (the peak maximum corresponds to the maximum rate of weight loss with respect to temperature) towards lower temperature after employing the synthesized diamines as chain extenders. For example, the peak maximum shifts from 410°C for reference sample to 396°C for PUU with BAPP as chain extender. It is clear that the creation of the urea hard segment has a destabilizing effect on the thermal stability of the PUU samples in comparison to the reference material. This effect is more pronounced in the case of diamine having an aliphatic middle chain, i.e. BAE and BAP. At lower temperature, there are two more steps of weight loss during degradation for the diamine extended samples compared to the reference sample ( Figure 3B ), which are assigned to the degradation of hard segments (which resulted from the reaction of isocyanate and diamine). Figure 4 sums up the weight loss for all the four samples discussed in Figure 3 including the reference sample. Again, the major weight loss ( ≥ 70%) is shown to be in the temperature range of 390-410°C. peak resulting from the morphology of segmented PU and PUU systems can be observed, which corresponds to the typical hard-segment inter-domain spacing in the samples. As expected, the diamine cross-linked samples show relative weak intensity value compared to the reference material due to incorporation of soft segments. The inter-domain distance can be calculated using d 100 = 2π/q 100 , from the peak maximum of the primary scattering peak. The estimated d 100 values differ slightly for the PUU sample from the reference material (24 nm), however, the BAPP based PUU sample shows much larger domain spacing of ~28.5 nm.
Conclusions
Three different diamines (BAE, BAP, BAPP) were successfully synthesized, their structure was confirmed with the FTIR-ATR technique, and were used as chain extenders with varying numbers of moles (1, 1.3 and 1.5 mole) to crosslink the urethane prepolymer system. The free isocyanate groups (NCO) in the prepolymer were reacted with diamine to achieve urea hard segments. This was confirmed through the disappearance of isocyanate peak at 2244 cm -1 using FTIR-ATR. The thermogravimetric analyses show that the maximum mass loss rate ( ≥ 70%) takes place in the temperature range of 390-412°C for all the samples. However, the presence of the urea hard segment was found to have a thermal destabilizing effect on the poly urethane system. This behavior confirms the formation of the urea hard segments, which are relatively thermally less stable compared to the urethane segments. The low molar mass diamines, separated structures as compared with BAPP (with aromatic ring) based systems. It is also relevant to comment that the hard domains provide both physical crosslink (25) points and filler-like reinforcement to the soft segment matrix (26, 27) which leads to the enhanced modulus for BAE and BAP containing PUU as compared with the reference sample. In contrast, the rigid backbone of BAPP hinders the segregation of the hard segments leading to lower modulus values. Figure 7 shows the SAXS data for reference sample and the prepared PUU samples using various diamines as chain extenders. These measurements were carried out to study the phase separated morphology. A significant scattering i.e. BAE and BAP have a strong influence on mechanical properties. The Young's modulus and yield strength have increased with these diamines, however, BAPP diamine crosslinked system show lower modulus values compared to the reference sample. From the SAXS investigations, the hard segment size was calculated to be 24 nm for the reference sample, and 25, 26 and 28.5 nm, respectively, for BAE, BAP and BAPP systems. These differences in the hard-segment size are assumed to be due to the different diamine structure used to create the urea hard phase.
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